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Abstract

Background Skeletal muscle atrophy can occur in response to numerous factors, such as ageing and certain medica-
tions, and produces a major socio-economic burden. At present, there are no approved drugs for treating skeletal mus-
cle atrophy. Arachidonate 5-lipoxygenase (Alox5) is a drug target for a number of diseases. However, pharmacological
targeting of Alox5, and its role in skeletal muscle atrophy, is unclear.
Methods The potential effects of gene knockdown and pharmacological targeting of Alox5 on skeletal muscle atrophy
were investigated using cell-based models, animal models and human skeletal muscle primary cells. Malotilate, a clin-
ically safe drug developed for enhancing liver regeneration and Alox5 inhibitor, was investigated as a repurposing can-
didate. Mechanism(s) of action in skeletal muscle atrophy was assessed by measuring the expression level or activation
status of key regulatory pathways and validated using gene knockdown and RNA sequencing.
Results Myotubes treated with the atrophy-inducing glucocorticoid, dexamethasone, were protected from catabolic
responses by treatment with malotilate (+41.29%, P< 0.01). Similar anti-atrophy effects were achieved by gene knock-
down of Alox5 (+30.4%, P < 0.05). Malotilate produced anti-atrophy effects without affecting the myogenic differen-
tiation programme. In an in vivo model of skeletal muscle atrophy, malotilate treatment preserved muscle
force/strength (grip strength: +35.72%, latency to fall: +553.1%, P < 0.05), increased mass and fibre cross-
sectional area (quadriceps: +23.72%, soleus: +33.3%, P < 0.01) and down-regulated atrogene expression (Atrogin-
1: �61.58%, Murf-1: -66.06%, P < 0.01). Similar, beneficial effects of malotilate treatment were observed in an
ageing muscle model, which also showed the preservation of fast-twitch fibres (Type 2a: +56.48%, Type 2b:
+37.32%, P < 0.01). Leukotriene B4, a product of Alox5 activity with inflammatory and catabolic functions, was
found to be elevated in skeletal muscle undergoing atrophy (quadriceps: +224.4%, P < 0.001). Cellular
transcriptome analysis showed that targeting Alox5 up-regulated biological processes regulating organogenesis and
increased the expression of insulin-like growth factor-1, a key anti-atrophy hormone (+226.5%, P < 0.05).
Interestingly, these effects were restricted to the atrophy condition and not observed in normal skeletal muscle
cultures with Alox5 inhibition. Human myotubes were also protected from atrophy by pharmacological targeting of
Alox5 (+23.68%, P < 0.05).
Conclusions These results shed new light on novel drug targets and mechanisms underpinning skeletal muscle atro-
phy. Alox5 is a regulator and drug target for muscle atrophy, and malotilate is an attractive compound for repurposing
studies to treat this disease.
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Introduction

Skeletal muscle atrophy causes muscle weakness that can
progress to disability. It may be produced by a number of dif-
ferent factors, such as ageing, certain medications, degenera-
tive diseases or lifestyle factors.1 Due to the significant eco-
nomic impact produced by skeletal muscle atrophy and
demographic ageing in industrialized countries, there is a
need to develop novel therapeutic options for treating this
disorder.2

Lipoxygenases are a family of non-haem, iron-containing
enzymes that catalyse the dioxygenation of polyunsaturated
fatty acids in lipids possessing a cis,cis-1,4-pentadiene hydro-
carbon into molecules with diverse autocrine, paracrine and
endocrine signalling functions.3 Arachidonate 5-lipoxygenase
(Alox5) is one of the most widely studied lipoxygenases. Con-
sequently, Alox5 is under investigation as a drug target for
numerous diseases.4 However, the role of Alox5 in skeletal
muscle atrophy is unclear. Endoplasmic reticulum (ER) stress
was alleviated in myotubes after Alox5 inhibition and im-
proved insulin resistance in a model of type 2 diabetes.5 In
contrast, genetic ablation of Alox5 failed to protect against
muscle atrophy caused by denervation, whereas ablation of
Alox12 or Alox15 was effective.6 In addition, a recent study
indicated that Alox5 gene expression was decreased, rather
than up-regulated, in a model of ageing-induced sarcopenia.7

Drug repurposing has significant advantages compared
with traditional drug discovery approaches, because the
repositioned compound is already characterized in other dis-
ease context(s) and clinical trials.8 Malotilate (1,3-dithiol-2-
ylidenepropanedioic acid bis(1-methylethyl) ester) is a drug
developed for treating liver disease.9 It was shown to acceler-
ate liver regeneration in rats.10 Oral delivery in patients with
advanced cirrhosis disease showed that malotilate was well
tolerated with anti-fibrotic and hepatoprotective properties,
and dry skin was the only possible adverse effect.11 However,
the first-pass elimination of malotilate was found to be dra-
matically reduced in cirrhotics, and a smaller amount of drug
reached the liver in these patients.12 Malotilate is included in
the FDA-approved Drug Library (Selleck Chemicals, TX, USA)
and is a specific inhibitor of Alox5, which regulates inflamma-
tory responses.13 In stimulated human peritoneal macro-
phages, HPLC analysis showed that malotilate concentration
dependently decreased the exogenous and endogenous for-
mation of the Alox5 products, 5-monohydroxy-
eicosatetraenoic acid (5-HETE) and leukotriene B4 (LTB4)
and their metabolites, without decreasing the Alox12 and
Alox15 products, 12-HETE and 15-HETE, which differed from
the properties of known lipoxygenase inhibitors.13 In light
of the therapeutic effects of malotilate treatment in studies
of liver degeneration, inflammation and fibrosis, the potential
of repurposing this drug for skeletal muscle atrophy was in-
vestigated by utilizing myotube-based models of skeletal

muscle atrophy, animal models of muscle atrophy and ageing,
and human myotubes induced to undergo atrophy. The
mechanism of action of Alox5 inhibition was assessed by
measuring the expression level or activation status of major
atrophy pathways and validated using gene knockdown and
cellular transcriptome analysis.

Materials and methods

Reagents

Dexamethasone (Dex) was purchased from Santa Cruz Bio-
technology, TX, USA. Malotilate and zileuton was purchased
from Selleckchem, TX, USA. Leukotriene B4 (LTB4) was pur-
chased from Tocris, Bristol, UK.

Cell culture

C2C12 murine skeletal muscle myoblasts were purchased
from Koram Biotech. Corp, Republic of Korea, and cultured
with growth media (GM), consisting of Dulbecco’s Modified
Eagle’s Medium (DMEM), 10% foetal bovine serum (FBS)
and 1% penicillin and streptomycin (PenStrep). Myoblasts
were differentiated into myotubes at approximately 90% con-
fluence, by culturing in differentiation media [DM: DMEM,
2% horse serum (HS) and PenStrep] for 96 h. Myotubes were
treated with 10 μM Dex for 24 h. To assess myogenesis, dif-
ferentiating myoblasts were treated with compound of inter-
est at the same time as culture in DM for 24, 48 or 96 h.

Alox5, Alox12 and Alox15 activity assays

5-HETE ELISA and 12-HETE ELISA assay kits were purchased
from MyBioSource, CA, USA. A 15(S)-HETE ELISA assay kit
was purchased from Cayman Chemical, MI, USA, for analysis
of cell lysates. A 15(S)-HETE ELISA assay kit was purchased
from MyBioSource, CA, USA, for analysis of skeletal muscle.
The kits were used in accordance with the manufacturers’
instructions.

siRNA-mediated gene knockdown

Knockdown of gene expression using siRNA was carried out in
the 12-well plate format in accordance with the manufac-
turer’s protocol (Thermo Fischer Scientific, Waltham, USA).
The transfection step was carried out using the Lipofectamine
3000 agent (Thermo Fischer Scientific, Waltham, USA).
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Measurement of protein synthesis

The surface sensing of translation (SUnSET) assay was used to
determine protein synthesis, as previously described.14 In
brief, 1 μg/mL puromycin was added to the myotube cul-
tures. The cell lysates were then harvested 10 min later and
processed for immunoblotting using an anti-puromycin
12D10 antibody (MABE343; Millipore). For the measurement
of protein synthesis in vivo, the mice were injected with pu-
romycin at 40 nmol/g intraperitoneally and sacrificed in
30 min.

Immunocytochemistry

Myotubes were visualized by myosin heavy chain immunocy-
tochemistry using the previously published protocol.15 Myo-
tubes were classified as myosin heavy chain positive cells
containing more than four nuclei. Myotube diameter was ob-
tained by measuring the midpoint of all visible myotubes
within four microscopic images captured using the 10× mag-
nification objective.

Western blotting

Cell protein lysates were quantified using the Bradford re-
agent (Bio-Rad, USA, CA) and separated by electrophoresis
with 10% or 12% SDS-PAGE. Blotting and antibody incubation
were carried out following the previously published
protocol.15 Details of the primary and secondary antibodies
are provided in Tables S1 and S2, respectively.

Real-time qPCR

mRNA levels of the genes of interest was measured using the
StepOnePlus Real Time PCR System (Applied Biosystems, UK)
following the previously published method.16 Details of the
primers used in this study are provided in Tables S3 and S4.
The expression level of β-actin was used for normalization
while measuring the expression levels of all the other genes.

LTB4 ELISA

An LTB4 ELISA kit was purchased from MyBioSource, CA, USA.
The concentrations of LTB4 in skeletal muscles and cell lysates
were measured by ELISA according to the manufacturer’s in-
structions. Samples (100 μL) were incubated with polyclonal
LTB4 binding in 96-well plates for 1 h. After stopping the en-
zymatic reaction, optical density was measured at 450 nm.

Animal studies

Animal studies were carried out under the auspices of the
Institute for Laboratory Animal Research Guide for the Care
and Use of Laboratory Animals and approved by the
Gwangju Institute of Science and Technology Animal Care
and Use Committee (study approval number GIST-2021-
059). Animal studies have been approved by the appropri-
ate ethics committee and have therefore been performed
in accordance with the ethical standards laid down in the
1964 Declaration of Helsinki and its later amendments.
Animals were purchased from Damool Science, Republic of
Korea.

Dexamethasone model of skeletal muscle atrophy

Twelve-week-old male C57BL/6J mice were treated with
drugs as follows: (1) injection of vehicle (5% DMSO, 5%
Tween 80, PBS) alone, (2) 15 mg/kg Dex dissolved in vehicle
and (3) injection of 15 mg/kg Dex and 10 mg/kg malotilate,
(n = 9 total per group). Mice were treated by intraperitoneal
injection every 24 h for 14 d and then assessed for skeletal
muscle function, protein synthesis and condition. Liver and
gonadal adipose tissue (GAT) mass was obtained after
sacrifice.

Ageing model of skeletal muscle atrophy

Twenty-one-month-old male C57BL/6J mice were treated
with drugs as follows: (1) vehicle alone (6.73% DMSO in
0.5% carboxylmethyl cellulose) and (2) 50 mg/kg malotilate,
(n = 9 per group in total). Mice were treated by oral gavage
every 24 h for 4 weeks and then assessed for skeletal muscle
function and condition. Liver and GAT mass was obtained af-
ter sacrifice.

Measurement of grip strength

Grip strength was measured with the BIO-GS3 grip strength
test meter (Bioseb, FL, USA). Mice were placed onto the grid
with all four paws attached and gently pulled backwards to
measure grip strength until the grid was released. The maxi-
mum grip value used to represent muscle force was obtained
using three trials with a 30 s interval.

Muscle fatigue test

Muscle fatigue was measured with two different models
using the rotarod. One is the constant model, and the other
is the accelerating model that is inherent in the rotarod
machine. In brief, the mice were accommodated to training
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before starting the fatigue task using an accelerating rotarod
(Ugo Basile, Italy). Mice were trained with speeds ramping
from 10 to 15 rpm. Twenty-four hours later, the muscle fa-
tigue test was carried out with rotarod running at 5 rpm in-
crements every 5 min up to 15 rpm. Latency to fall off the
rotarod for each mouse was then measured. A fatigued
mouse was classified as falling off four times within 1 min,
which then terminated the test. Maximum rpm was mea-
sured by recording the rpm at which the mice fell off from
the machine.

Muscle dissection and histological analysis

Mice were anaesthetized with 22 mg/kg ketamine (Yuhan,
Republic of Korea) and 10 mg/kg xylazine (Bayer, Republic
of Korea) by IP injection before sacrifice. Quadriceps,
gastrocnemius, tibialis anterior and soleus muscles were dis-
sected and weighed. For immunohistochemistry, the muscles
were then fixed by overnight incubation with 4% paraformal-
dehyde at 4°C, embedded into paraffin solution and stored
�80°C. Sections were obtained using a cryostat. Sectioning
and haematoxylin and eosin (H&E) staining were carried out
by the Animal Research Facility of the Gwangju Institute of
Science and Technology, Republic of Korea. H&E staining
was carried out using a kit (Merck, Germany). Muscle fibre
cross-sectional area (CSA) was measured with the ImageJ
1.48 software (National Institutes of Health, USA).

Immunohistochemistry

Immunohistochemistry was carried out using anti-myosin
heavy chain type 2A and 2B antibodies (DSHB, IA, USA)
and an anti-laminin antibody (Abcam, Cambridge, UK).
Counterstaining was conducted using 1 μM DAPI solution.
Muscle fibre CSA was measured with the ImageJ 1.48 soft-
ware (National Institutes of Health, USA) after the images
were visualized with fluorescence microscopy (LEICA DM
2500).

Oil red O staining of skeletal muscle

An Oil red O stain kit was purchased from Abcam, Cambridge,
UK. Staining was carried out in accordance with the manufac-
turers’ instructions and mounted with a coverslip in aqueous
mounting medium.

Succinate dehydrogenase histochemistry

A succinate dehydrogenase (SDH) staining kit was pur-
chased from VitroVivo Biotech, MD, USA, and staining was

carried out following the manufacturer’s instructions. The
slides were mounted with a coverslip in Permount medium.

RNA-Seq

RNA samples were obtained from C2C12 murine myoblasts
cultured as follows: (1) differentiation media (DM) for 120 h
(Un); (2) DM for 96 h and DM plus 10 μM malotilate for
24 hours (Mal); (3) DM for 96 h and DM plus 10 μM Dex
for 24 h (Dex); (4) DM for 96 h and DM plus 10 μM Dex
and 10 μM malotilate for 24 h (Dex_Mal); RNA-Seq was car-
ried out by Macrogen, Republic of Korea. Before proceeding
with the sequencing, QC was performed by FastQC v0.11.7
(http://www.bioinformatics.babraham.ac.uk/projects/fastqc/).
Illumina paired ends or single ends in sequenced samples
were trimmed by Trimmomatic 0.38 (http://www.usadellab.
org/cms/?page=trimmomatic) with various parameters. Se-
quences of samples were analysed and mapped by HISAT2
version 2.1,0, Bowtie2 2.3.4.1 (https://ccb.jhu.edu/software/
hisat2/index.shtml). Potential transcripts and multiple splice
variants were assembled by StringTie version 2.1.3b (https://
ccb.jhu.edu/software/stringtie/). Fifteen thousand six hundred
nineteen genes were quantified in total. The heat map in
Figures 2C and 6C and 6D were made with GraphPad Prism
7 (GraphPad, CA, USA).

Human skeletal myoblast culture and
experimentation

Human skeletal myoblasts were obtained from Thermo Fisher
Scientific, USA. The myoblasts were thawed using a 37°C wa-
ter bath, centrifuged at 180 g for 5 min at RT washed with
20 mL DM. Myoblasts were then re-suspended in DM and
seeded onto 12-well plates at a density of 4.8 × 104 cells/well.
Forty-eight hours later, the myoblasts were treated with com-
pounds of interest for 24 h. Myotubes were then stained with
H&E. Myotube diameter was measured using the ImageJ 1.48
software (National Institutes of Health, USA) after light mi-
croscopy analysis of DIC captured images (Olympus CKX41).

Statistical analysis

Statistical significance was determined using the Student’s t-
test. A P value of less than 0.05 was considered as significant.
Unless otherwise mentioned, all data shown are representa-
tive of more than three experimental repeats and the graph
error bars are standard deviation.

Inhibiting 5-lipoxygenase prevents skeletal muscle atrophy 3065

Journal of Cachexia, Sarcopenia and Muscle 2022; 13: 3062–3077
DOI: 10.1002/jcsm.13092

http://www.bioinformatics.babraham.ac.uk/projects/fastqc/
http://www.usadellab.org/cms/?page=trimmomatic
http://www.usadellab.org/cms/?page=trimmomatic
https://ccb.jhu.edu/software/hisat2/index.shtml
https://ccb.jhu.edu/software/hisat2/index.shtml
https://ccb.jhu.edu/software/stringtie/
https://ccb.jhu.edu/software/stringtie/


Results

Malotilate inhibited atrophy in
glucocorticoid-treated murine myotubes

The glucocorticoid, Dex, treatment model was used to inves-
tigate the effect of malotilate on myotube atrophy. Malotilate
treatment inhibited the effects of Dex on myotube atrophy
(Figure 1A and 1B). Malotilate treatment inhibited the upreg-
ulation of atrogin-1 and MuRF-1 (Figure 1C). Total protein
synthesis was decreased by treatment with Dex and recov-
ered by malotilate (Figure 1D).

Myotubes were treated with malotilate, and production of
the Alox15 product, 15-HETE, the Alox12 product, 12-HETE,
and the Alox5 product, 5-HETE, was measured. It was ob-
served that malotilate treatment reduced levels of 5-HETE,

but had no significant effect on 15-HETE and 12-HETE in the
myotubes (Figure S1).

The transcription factor forkhead box O3 (FoxO3a) is a ma-
jor regulator of the ubiquitin–proteasome pathway of skele-
tal muscle atrophy. FoxO3a phosphorylation levels were de-
creased in myotubes treated with Dex and increased by
treatment with malotilate (Figure 2A) and accompanied by
a decrease in atrogin-1 expression (Figure 2A). Dex treatment
increased autophagy in the myotubes (increased ratio of
LC3bII to LC3bI, and reduced expression of p62). Autophagy
was decreased by treatment with malotilate (Figure 2B).
The cellular transcriptome was investigated using RNA-Seq.
A heat map for genes showing differential expression indi-
cated that insulin-like growth factor 1 (IGF-1) was
up-regulated by malotilate treatment (Figure 2C) and con-
firmed by qPCR and western blotting (Figure 2D and 2E).

Figure 1 (A) Myosin heavy chain (MYH2) immunocytochemistry of C2C12 myoblasts cultured as follows: (1) differentiation media (DM) for 120 h (un-
treated); (2) DM for 96 h and DM plus 10 μM Dex for 24 h; (3) DM for 96 h and DM plus 10 μM Dex and 10 μM malotilate (Mal) for 24 h (scale
bar = 100 μm). (B) Myotube diameter and myotube diameter distribution. (C) qPCR analysis of atrogin-1 and MuRF-1 expression. (D) SUnSET assay
of protein synthesis. α-Tubulin expression was used as the loading control. *P < 0.05, **P< 0.01, ***P < 0.001 compared to untreated. #P < 0.05,
##P < 0.01, ###P < 0.001 compared with Dex treated.
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Figure 2 (A) Western blot analysis of FoxO3a phosphorylation, FoxO3a expression and atrogin-1 expression. α-Tubulin expression was used as the
loading control. (B) Western blot analysis of LC3b I, LC3b II and p62 expression. α-Tubulin expression was used as the loading control. (C) One-way
hierarchical heat map for the Dex/Un compared to Dex_Mal/Dex treatment groups. (D) qPCR analysis of IGF-1 expression. C2C12 myoblasts were
cultured and treated with Dex and malotilate as in Figure 1. (E) Western blot analysis of IGF-1 expression, Akt phosphorylation and Akt expression.
α-Tubulin expression was used as a loading control. *P < 0.05, **P < 0.01 and ***P < 0.001 compared with untreated. #P < 0.05, ##P < 0.01 com-
pared with Dex treated.
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Malotilate increased Akt activation in Dex-treated myotubes
(Figure 2E). Malotilate did not affect Akt activation in normal
myotubes (Figure S2).

Alox5 gene knockdown prevents myotube atrophy
associated with increased levels of the Alox5
product, leukotriene B4

LTB4 levels were shown to be increased in Dex-treated
myotubes and lowered by malotilate (Figure 3A). Treatment
with malotilate did not affect Alox5 expression (Figure 3B).
LTB4 treatment alone induced myotube atrophy (Figure 3C).
Western blot analysis indicated that LTB4 treatment in-
creased phosphorylation of the stress-activated kinase,
c-Jun N-terminal kinase (JNK), and increased the phosphor-
ylation of IκBα, which activates the catabolic NF-κb
pathway (Figure 3D).

The effect of Alox5 gene knockdown on myotube atrophy
was assessed in Dex treated myotubes. siRNA-mediated re-
duction of Alox5 expression was confirmed by qPCR and
western blotting (Figure S3A and S3B). Alox5 gene knock-
down inhibited myotube atrophy (Figures 3E and S3C) and
was accompanied by a reduction in atrogin-1 expression
(Figure 3F). Application of exogenous LTB4 did not improve
atrophy in Dex-treated myotubes or reduce the expression
of atrogin-1 (Figure S3D and S3E). Zileuton has been validated
as a specific Alox5 inhibitor.5 It was observed that zileuton
treatment could prevent Dex-induced myotube atrophy and
reduce the expression of atrogin-1 and MuRF-1 (Figure S3F
and S3G).

Malotilate does not significantly affect the
myogenic program

Murine myotubes were induced to differentiate into myo-
tubes in the presence of malotilate. The expression of my-
osin heavy chain type 2 (Myh2), a marker of differentiation,
was measured at three time points (24, 48, and 96 h).
Myh2 expression was not affected by malotilate treatment
from the onset of differentiation (Figures S4A and S4B and
S2). The phosphorylation level of Akt at 96-h differentiation
was not significantly changed by malotilate treatment
(Figure S2). The fusion index was unaffected by Alox5
inhibition or gene knockdown (Figures S4C and S3D).
Expression analysis of master genetic regulators the myogenic
program (Pax7, Myf5, MyoD and MyoG17) did not show
any significant change after 24-h malotilate treatment
(Figure S4E). The 24 h time point was selected because the
expression of these genes changes during the early stages of
myogenesis.18,19

Pharmacological targeting of Alox5 inhibits
skeletal muscle atrophy in a glucocorticoid
treatment model

Dex treatment for 14 d did not significantly reduce body
weight, and there was no significant effect by malotilate
treatment (Figure S5A). Malotilate significantly increased
grip strength in the Dex treated mice and reduced latency
to fall in the rotarod performance test (Figure 4A and
4B). Maximum running speed was also significantly in-
creased (Figure 4B). Malotilate treatment increased mass
in the quadriceps and soleus muscles (Figure 4C). Mean
muscle fibre CSA and the proportion of fibres with larger
CSA were increased by malotilate (Figures 4D and S5D).
Mean GAT mass was increased by Dex and reduced by
malotilate, but did not reach statistical significance (Figure
S5B and S5C). Liver mass was significantly increased by
Dex treatment and unaffected by malotilate (Figure S5B
and S5C). ELISA analysis indicated that levels of the Alox5
product, LTB4, were increased by Dex and lowered by
malotilate (Figure 4E). Malotilate also decreased expression
of atrogin-1 and MuRF-1, increased the expression of IGF-1
and increased the activation of Akt (Figures 4F and S6A and
S6B). Protein synthesis rate was also significantly increased
in the gastrocnemius muscle of malotilate-treated mice
(Figure S6C). ELISA analysis of 15-HETE, 12-HETE and 5-
HETE levels (the products of Alox15, Alox12 and Alox5, re-
spectively) in the gastrocnemius muscle showed that the
mean levels of 5-HETE were increased by Dex and reduced
by malotilate, although these values did not reach statisti-
cal significance (Figure S6D).

Pharmacological targeting of Alox5 inhibits
skeletal muscle atrophy in aged mice

Malotilate treatment did not affect body mass in the aged
mice (Figure S7A). Grip strength was significantly increased
by malotilate (Figure 5A). The mean latency to fall was in-
creased by malotilate, but did not reach statistical signifi-
cance (Figure 5A). Quadriceps and soleus muscle mass
were significantly increased by malotilate (Figure 5B), and
GAT mass was significantly decreased (Figures 5C and
S7B). Liver mass was unaffected by malotilate (Figure
S7B). Histological analysis of quadriceps muscle myofibre
diameter distribution indicated a significantly greater pro-
portion of large myofibres (>5000 μm2) in the malotilate
treatment group (Figure 5D). Average myofibre CSA was
also increased (Figure S7C). Immunohistological analysis of
fast-twitch fibre types IIA and IIB, which preferentially un-
dergo atrophy during aging,20 indicated that malotilate pre-
served the CSA of fast fibres (Figures 5E and F and S7D).
Malotilate also increased the phosphorylation of Akt in
aged muscle (Figure S7E). 5-Lipoxygenase-activating protein
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Figure 3 (A) ELISA analysis LTB4 levels in C2C12 myoblasts cultured as follows: (1) 120 h incubation with DM; (2) 96 h incubation with DM and 24
h treatment with 10 μM Dex; (3) 96 h incubation with DM and 24 h treatment with 10 μM Dex and 10 μM malotilate (Mal). (B) Western blot
analysis of Alox5 expression in C2C12 myoblasts cultured as in part (A). (C) MYH2 immunocytochemistry and myotube diameter of C2C12 myo-
blasts cultured as follows: (1) 144 h incubation with DM; (2) 72 h incubation with DM and 72 h incubation with 100 ng/mL LTB4 (scale
bar = 100 μm). (D) Western blot analysis of JNK expression, JNK phosphorylation, IκBα expression and IκBα phosphorylation in C2C12 myotubes
treated with 100 ng/mL LTB4 for 30 min. α-Tubulin was used as a loading control. (E) MYH2 immunocytochemistry and myotube diameter of
C2C12 myoblasts cultured as follows: (1) 72 h incubation with DM and 48 h incubation with DM plus control, scrambled siRNA; (2) following
72 h incubation with DM, 24 h incubation in with DM plus control, scrambled siRNA and additional 24 h treatment with 10 μM Dex plus scram-
bled siRNA; (3) following 72 h incubation with DM, 24 h incubation in with DM plus Alox5 siRNA and additional 24 h treatment with 10 μM Dex
plus Alox5 siRNA (scale bar = 100 μm). (F) qPCR analysis of atrogin-1 expression in C2C12 myoblasts cultured as described in part (E). For (A and
B): *P < 0.05, ***P < 0.001 compared with untreated. #P < 0.05, ##P < 0.01 compared with Dex treatment alone. For (C and D): *P< 0.01,
**P < 0.01 compared with untreated. For (E and F): **P < 0.01, ***P < 0.001 compared with control siRNA.

#
P < 0.05,

###
P < 0.001 compared

with control siRNA plus Dex.
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(Alox5AP) is necessary for Alox5 activation and has been
shown to be upregulated in aged human skeletal muscle
and after glucocorticoid treatment.21–24 Alox5AP expression

was upregulated in aged mice and not significantly affected
by malotilate, supporting enzyme inhibition as the mecha-
nism by which malotilate reduces Alox5 activity (Figure

Figure 4 (A) Grip strength in mice treated with vehicle alone, Dex or Dex plus malotilate (Mal) for 14 d. (B) Latency to fall off the rotarod and max-
imum speed achieved. (C) Quadriceps and soleus mass. (D) Representative H&E staining of the quadriceps (scale bar = 100 μm) and fibre
cross-sectional area. (E) ELISA-based quantification of the Alox5 product, LTB4, in the gastrocnemius muscle. (F) qPCR analysis of atrogin-1, MuRF-1
and IGF-1 expression in the quadriceps. *P < 0.05, **P < 0.01, *** = p < 0.001 compared with vehicle treated mice.

#
P < 0.05,

##
P < 0.01,

###P < 0.001 compared with Dex-treated mice (n = 4–5 per experimental group).
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Figure 5 (A) Grip strength and latency to fall off the rotarod in aged (21 months) mice after 4-week treatment with vehicle or malotilate (Mal). (B)
Quadriceps and soleus muscle mass. (C) GAT mass. (D) Representative H&E staining of the quadriceps and muscle fibre area distribution (scale
bar = 100 μm). (E and F) Representative images of myosin type 2a and 2b and laminin immunostaining and cross-sectional area distribution in the
quadriceps muscle. DAPI was used to visualize cell nuclei (scale bar = 100 μm). *P < 0.05, ***P < 0.01, ***P < 0.001 compared with vehicle treated
(n = 4–5 per experimental group).
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S7F). Oil red O staining showed that malotilate treatment
reduced lipid accumulation in the skeletal muscle of aged
mice (Figure S7G). SDH staining indicted that malotilate
treatment had no significant effect on the oxidative status
of the muscle fibres (Figure S7H).

Cellular transcriptomic analysis of myotubes with
pharmacological targeting of Alox5 in the presence
or absence of atrophy

To investigate the biological processes by which Alox5
inhibition by malotilate inhibits muscle atrophy, cellular
transcriptome was investigated using RNA-Seq. Expression
patterns were compared with untreated, Dex treated
myotubes, normal myotubes or myotubes treated with
malotilate alone (Figure S8A). The heat map and volcano
plot showed a total of 139 differentially expressed genes
(DEGs) between myotubes treated with Dex or Dex plus
malotilate (Figure 6A and 6B). KEGG (Kyoto Encyclopedia
of Genes and Genomes) pathway analysis showed that
metabolic pathways were primarily targeted by malotilate
(Figure S8B). Gene ontology (GO) functional analysis indi-
cated that organ development was the top biological pro-
cess targeted in myotubes treated with Dex plus malotilate
compared with Dex alone (Figures 6C and 6D and 8C).
Genes linked to skeletal muscle atrophy and/or organ de-
velopment were selected (Fut4, Sod3, Plk-1, Stat6 (muscle
atrophy), Lif, Hif and E2f7 (organ development), Efna and
Igf-1(muscle atrophy and organ development)) and their
normalization of expression by malotilate in Dex-treated
myotubes was validated using qPCR (Figures S8D and 6E).
Leukotriene A4 hydrolase (LTA4H), which generates leuko-
triene A4 (LTA4), an unstable epoxide that is transformed
either to LTB4 or a cysteinyl leukotriene LTC4,25 showed
no change in expression by RNA sequencing analysis (data
not shown).

Pharmacological targeting of Alox5 prevents
atrophy in human myotube cultures

Histological analysis indicated that co-treatment with
malotilate could prevent atrophy in Dex-treated human
myotubes (Figure 7A and 7B). Malotilate treatment also sig-
nificantly reduced the expression of atrogin-1 and MuRF-1,
and increased the expression of IGF-1 (Figure 7C). The muscle
atrophy-related genes identified by RNA-Seq in murine
myotubes were tested for expression levels in the human
myotubes. The expression of Plk-1 was significantly reduced
expression after Dex treatment and significantly increased
by malotilate (Figure S9A).

Discussion

In this study, we investigated the repurposing of malotilate,
a clinically safe drug developed for liver regeneration and
Alox5 inhibitor, as a muscle atrophy treatment. Our results
indicate that malotilate is an attractive candidate for further
development to treat muscle atrophy and Alox5 is a novel
drug target for this disorder. Malotilate treatment affected
both the ubiquitin–proteasome proteolysis system (UPS)
pathway and autophagy in myotubes undergoing atrophy.
Malotilate inhibited the activation of FoxO3a, which is a ma-
jor activator of the UPS. It has been reported that 75% of
the protein degradation that occurs during skeletal muscle
atrophy is contributed by the UPS.26 Therefore, the protec-
tive effect of malotilate on muscle atrophy may be primarily
due to the inhibition of FoxO3a. It has been reported that
upon autophagy induction, for instance, by nutrient starva-
tion or glucocorticoids, LC3-I converts to LC3-II and induces
a concurrent decrease in p62.27 Malotilate treatment nor-
malized the ratio of LC3-I/LC3-II and increased expression
of p62. It may be concluded that the anti-atrophy effects
of malotilate treatment are mainly via UPS inhibition, along
with a prevention of autophagy induction. Malotilate did
not significantly affect myoblast differentiation or the ex-
pression of key myogenic regulatory genes. Thus, the
anti-atrophy effects of malotilate appear to be related to
anti-atrophy mechanisms in differentiated muscle fibres,
such as the inhibition of atrogene expression, rather than
enhancing muscle stem cell differentiation. The finding that
malotilate does not affect Akt activation in normal differen-
tiated myotubes, compared with conditions of muscle atro-
phy, also supports this hypothesis.

Malotilate treatment reduced the expression of atrogin-1
and MuRF-1, although expression levels remained elevated
compared to normal samples. Protein content in muscle is
determined by the balance between synthesis and degrada-
tion, because the proteins are in constant turnover.28,29

Therefore, increases in synthesis may increase protein con-
tent in the presence of breakdown mediated by atrogin-1 of
MuRF-1. After malotilate treatment, protein synthesis levels
were increased in vitro and in vivo, even though atrogin-1
and MuRF-1 expression were not completely suppressed.
Additionally, dysregulated autophagy contributes to skeletal
muscle atrophy.30 In Dex-treated myotubes, malotilate
treatment normalized autophagic flux, as indicated by p62
expression and the ratio of LC3bII to LC3bI. This may also pre-
vent atrophy in the presence of elevated expression of
atrogin-1 and MuRF-1. As E3 ubiquitin ligases, the activity
of atrogin-1 and MuRF-1 would also depend on the expres-
sion and/or activity of the E1 ubiquitin-activating enzymes
and E2 ubiquitin-conjugating enzymes.31 Although the
up-regulation of atrogin-1 or Murf-1 is traditionally used as
indicator of increased protein degradation, protein break-
down will be dependent on this E1–E2–E3 enzyme cascade.
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Malotilate treatment increased skeletal muscle mass with-
out affecting total body mass. Agents producing muscle atro-
phy, such as increased glucocorticoid signalling, are also
known to increase adiposity.32 The dual, opposing effects of
malotilate on glucocorticoid signalling in muscle and adipose
tissues may provide an explanation for the unchanged body
mass observed in this study. This is supported by the finding
that Dex increased the mean GAT mass value in the mouse

model, and this was reduced by malotilate treatment. When
studying muscle atrophy, researchers tend to select male
mice, because they can live longer than female mice and do
not have the high hormone variation observed in female
mice.33,34 It should be noted that average serum glucocorti-
coid concentrations in aged humans are higher than those re-
ported for adult mice,35,[S1] but would be probably be insuffi-
cient to produce the degree of muscle atrophy observed in

Figure 6 Cellular transcriptome analysis showing total number of upregulated and downregulated genes between C2C12 murine myoblasts cul-
tured as follows: (1) differentiation media (DM) for 120 h (Un); (2) DM for 96 h and DM plus 10 μM malotilate for 24 h (Mal); (3) DM for
96 h and DM plus 10 μM Dex for 24 h (Dex); (4) DM for 96 h and DM plus 10 μM Dex and 10 μM malotilate for 24 h (Dex_Mal). (A) Heat
map for genes showing differential expression in Dex and Dex_Mal, compared with Un and Mal. (B) Volcano plot showing gene expression
changes in the Dex compared to Dex_Mal treatment groups. (C) Gene ontology (GO) functional analysis for the Dex compared with Dex_Mal
treatment groups. (D) GO gene analysis for animal organ development. (E) qPCR analysis of genes linked to skeletal muscle atrophy (Sod3,
Plk-1, Stat6), organ development (Lif, Hif and E2f7) or muscle atrophy and organ development (Efna) in C2C12 myotubes cultured as in part
(A). Please note that Fut4 was not detectable in the myotubes. *P < 0.05, ***P < 0.001 compared with untreated.

#
P < 0.05,

##
P < 0.01,

###P < 0.001 compared with Dex treatment alone.
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Figure 7 (A) Representative H&E-stained images of human donor myoblasts cultured as follows: (1) differentiation media (DM) for 72 h (untreated);
(2) DM for 48 h and DM plus 10 μMDex for 24 h; (3) DM for 48 h and DM plus 10 μMDex and 10 μMmalotilate (Mal) for 24 h (scale bar = 100 μm). (B)
Mean myotube diameter and diameter distribution. (C) qPCR analysis of atrogin-1, MuRF-1 and IGF-1 expression. *P < 0.05, ***P < 0.001 compared
with untreated. #P < 0.05, ##P < 0.01, ###P < 0.001 compared with Dex treatment alone. (D) Working model of the effect on malotilate on skeletal
muscle atrophy. (1) Under atrophy-inducing conditions, such as glucocorticoid treatment or aging, catabolic signalling pathways are activated in skel-
etal muscle fibres, producing atrophy effector mechanisms including up-regulated atrogene expression and dysregulated autophagy. Alox5 activating
protein (Alox5AP) is also known to be up-regulated under atrophy-inducing conditions, and the Alox5 product, LTB4, has been shown to increase the
activity of catabolic regulators, such as FoxO signalling [21–23, 40, 41, 49], which would promote muscle fibre atrophy. (2) Malotilate treatment blocks
the activity of Alox5, which reduces cellular levels of LTB4 and up-regulates the expression of anti-atrophy factors, such as IGF-1, inhibiting catabolic
pathways. This could produce a beneficial effect against the effector pathways of skeletal muscle fibre atrophy.
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the Dex treatment model. For the model of muscle aging,
mice are generally used at 18 months or older, due to the in-
creased expression of aging-associated biomarkers.34 Our
study used mice at 21 months of age. However, it should be
noted that overall body weight does not decline at this
stage.36 It was also observed that the increase in CSA after
malotilate treatment was more pronounced than the in-
crease in mass. We speculate that changes in the average
skeletal muscle fibre CSA may not necessarily be directly pro-
portional to changes in muscle weight. For example, it has
been reported that a major confounding factor affecting the
interpretation of CSA is the extent of muscle fibre
‘branching’, which is a common feature of muscle aging.37,38

The results in this study indicate that malotilate-mediated
inhibition of Alox5 is a novel therapeutic approach for
treating skeletal muscle atrophy. In addition, Alox5 gene
knockdown prevented atrophy in myotubes and treatment
with the Alox5 product, LTB4, induced atrophy. LTB4 levels
were also found to be elevated in skeletal muscle undergo-
ing atrophy. To our knowledge, there is no report showing
that Alox5 is up-regulated in skeletal muscle fibres undergo-
ing atrophy. Alox5 activity is regulated by arachidonate 5-
lipoxygenase-activating protein (Alox5AP, also known as 5-
lipoxygenase-activating protein, or FLAP), which anchors
Alox5 to the cell membrane and transfers the arachidonic
acid substrate.39 Interestingly, Alox5AP has been shown to
be up-regulated in aged human skeletal muscle and by glu-
cocorticoid treatment.21 The increased expression of
Alox5AP under conditions of atrophy could explain the ef-
fects of malotilate observed in this study. It should also
be noted that Alox5 inhibition by malotilate treatment did
not affect the expression of Alox5AP, indicating that
malotilate reduces Alox5 activity by enzyme inhibition. In
addition, the Alox5 product, LTB4, activates the BLT1/2 G-
protein coupled signalling pathway and increases the activ-
ity of NF-κb signalling in atherosclerotic plaques and FoxO
signalling in adipocytes.40,41 NF-κb and FoxO signalling are
both master regulatory pathways of skeletal muscle
atrophy.42 Taken together, these previous findings and the
results of this study support a mechanism of action
wherein atrophy conditions upregulate Alox5AP expression,
which enhances the activity of Alox5 and increases LTB4
levels. LTB4 stimulates the activity of atrophy signalling
pathways, such as NF-κb and FoxO, to promote the
effectors of myofibre catabolism, including up-regulated
atrogene expression and dysregulated autophagy. Treat-
ment with malotilate reduces LTB4 levels and the activity
of atrophy signalling pathways, producing an inhibition of
muscle atrophy. A model of the effect of malotilate treat-
ment and Alox5 inhibition on skeletal muscle atrophy is
shown in Figure 7D.

RNA-seq data presented in this study indicate that Alox5
inhibition mediated by malotilate affects metabolic path-

ways (by KEGG analysis) and animal organ development (by
GO analysis) in skeletal muscle cells. The primary
metabolic changes associated with muscle atrophy caused
by glucocorticoids, such as Dex, are insulin resistance,
hyperglycaemia and hyperlipidaemia.[S2] Thus, targeting
metabolic pathways using the Alox5 inhibitor malotilate
has the potential to correct these changes in metabolism
caused by Dex. The molecular mechanisms underlying
organ development during embryogenesis have many simi-
larities with the processes regulating tissue regeneration.[S3]

Therefore, the major effect on organ development
indicated by GO analysis may explain the ability of
this inhibitor to ameliorate the progression of skeletal mus-
cle atrophy in the Dex treatment and ageing animal
models. IGF-1, a key modulator of muscle hypertrophy,
was up-regulated by malotilate treatment. IGF-1 levels
are suppressed in many chronic diseases and produce
muscle atrophy by the combined effects of suppressed
protein synthesis, UPS activity, autophagy and fibre
regeneration.[S4] Supplementation with IGF-1 alone
has been shown to be effective for preventing muscle
atrophy.[S5] Interestingly, this up-regulation of IGF-1 was
specific for myotubes undergoing atrophy and not observed
in normal myotubes treated with malotilate, indicating
a disease-specific effect of drug treatment. The qPCR
results showed that, among these genes linked to skeletal
muscle atrophy, Plk-1 had a conserved expression pattern
between murine and human myotubes. Plk-1 has recently
been linked to sepsis-induced skeletal muscle atrophy in
mice.[S6] These findings warrant the further investigation
of Plk-1 as a novel drug target for muscle atrophy in
patients.

In summary, malotilate, a previously characterized liver re-
generation drug studied in clinical trials, prevented skeletal
muscle atrophy in multiple models and was effective using
oral delivery. Malotilate treatment produced marked effects
on muscle mass and maintained force/strength in the Dex at-
rophy model, and the preservation of fast-twitch fibres types
in aged muscle, indicating that the Alox5 target may have a
major effect on the progression of muscle atrophy. In light
of the clinical need to develop new drugs and targets for skel-
etal muscle atrophy, malotilate and Alox5 inhibitors can be
attractive drug candidates for repurposing to treat this
disorder.
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